Effects of fentanyl on minimum alveolar concentration (MAC) of isoflurane and cardiovascular function in mechanically-ventilated goats were evaluated using six healthy goats (3 does and 3 wethers).
Introduction
The depth of anaesthesia during surgery is determined by the interaction of hypnotic drugs, analgesic drugs, and the intensity of noxious stimulation (Bouillon and others 2004) . General anaesthetic agents, like isoflurane, primarily contribute to anaesthesia through their hypnotic effects, while opioids, like fentanyl, contribute through analgesic effects. The interaction of hypnotic agents and opioid analgesics during general anaesthesia can be schematically described by a hierarchical model, in which, initially a noxious stimuli processed at sub-cortical levels of the central nervous system (CNS) has its nociceptive signal attenuated by opioids and subsequently, when the attenuated signal is projected to the cortical levels, arousal is suppressed by hypnotic agents (Bouillon and others 2004) .
Fentanyl, a synthetic μ opioid agonist, is used for the treatment of moderate to severe pain (Carroll and others 1999) . Fentanyl is one of several opioids that are suitable for intravenous (IV) infusion because it offers clinically desirable effects over a wide dose range and has a wide therapeutic margin (Meredith and others 2008) . The onset of action of fentanyl is rapid following IV (Lamont and Mathews 2007) or intramuscular administration with analgesia and sedation developing in 3 to 8 minutes (Carroll and others 1999) . It has a short duration of action, with plasma concentrations decreasing substantially after about 20 minutes (Carroll and others 1999) . In goats, fentanyl proved effective against thermal and mechanical stimuli in a nociceptive model study (Valverde and Gunkel 2005) . In another study, fentanyl was used satisfactorily supplement nitrous oxide and isoflurane for maintenance of general anaesthesia in goats (Andel and others 2000) .
Isoflurane is a commonly used inhalant anaesthetic agent, which has short induction and recovery times because of its low blood/gas solubility coefficient (Antognini and Eisele 1993) . It is assumed that the sites of action of isoflurane are the brain and spinal cord (Antognini and Carstens 2002) . The most likely mechanism by which isoflurane produces anaesthetic effects is potentiatiation of the GABA (γ-aminobutyric acid) receptor complex (Larsen and others 1998). Isoflurane can be used for induction as well as maintenance of anaesthesia in goats (Antognini and Eisele 1993). Isoflurane causes several adverse effects such as respiratory depression, hypotension and reduced cardiac output in a dose-dependent pattern (Antognini and Eisele 1993) .
In the present experimental study, the effects of fentanyl on isoflurane MAC in mechanicallyventilated goats were accessed. Minimum alveolar concentration was defined by Merkel and Eger (1963) , as the lowest isoflurane alveolar concentration required to prevent gross purposeful movement in response to a supramaximal stimulus. Isoflurane MAC in goats has been determined in previous studies to be in the range of 1.3 to 1.5% (Antognini and Eisele 1993 , Hikasa and others 1998 , Antognini and others 2000 , Doherty and others 2002 , Doherty and others 2004 . Combining isoflurane with opioid analgesic drugs like fentanyl potentially reduces the dose of isoflurane required for general anesthesia and consequently may reduce occurrence of adverse dose-dependent cardiopulmonary effects associated with isoflurane anaesthesia. We tested the null hypothesis that fentanyl does not affect isoflurane MAC against alternative hypothesis that fentanyl reduces isoflurane MAC in goats.
Materials and Methods
The present study was approved by both the Animal Use and Care Committee and the Research Committee of my University's Faculty of Veterinary Science (Research Protocol Number: V045/06).
Six clinically healthy goats (3 does and 3 wethers) were used. The goats were assigned to three treatments, with order of treatments randomized in a cross-over pattern, with a four-week washout period between treatments. General anaesthesia was achieved with isoflurane only. Following baseline isoflurane MAC determination, MAC of isoflurane was re-determined during maintenance of anaesthesia with isoflurane combined with a CRI of low dose fentanyl (Treatment LFENT), moderate dose fentanyl (Treatment MFENT) or high dose fentanyl (Treatment HFENT). Median (interquartile range) age was 15.5 (14.3-16.0) months for Treatment LFENT, ) months for Treatment ) months for Treatment HFENT while weight was 36.7 (29.6-40.7) kg for Treatment LFENT, ) kg for Treatment ) kg for Treatment HFENT. Health status was assessed by physical examination, complete blood count and serum biochemical analysis; all findings were normal.
Food and water were withheld for 16-22 hours before anaesthesia. The goats were weighed 30 minutes before the experiment. The auricular artery on the right ear was catheterized using a 24-SWG catheter (Jelco, Medex Medical Ltd) which was then connected to a calibrated transducer (DTX Plus transducer, BD Medical) for measurement of arterial blood pressure. The blood pressure readings were obtained from a recently calibrated electronic strain gauge transducer connected to a multi-parameter monitor (Cardiocarp/5, Datex-Ohmeda Corporation), which had been recently calibrated against a mercury column. For transducer calibration to atmospheric pressure, the scapulo-humeral joint or the point of the sternum were used as zero reference points in sternally-recumbent or laterally-recumbent goats, respectively. An 18-SWG catheter (Jelco, Medex Medical Ltd) was introduced into the right cephalic vein for administration of intravenous fluids and fentanyl.
Mask induction of the goats with isoflurane (Forane Liquid, Abbott Laboratories Pty Ltd) delivered in oxygen from a circle anaesthetic breathing system with a calibrated Tec 3 out-of-circle vaporiser (Fluotec 3, BOC Health Care) was achieved with the goats restrained in sternal position. A tight-fitting facemask was used. Each goat was accustomed to the mask by initially being allowed to breathe 100% oxygen at 6 L/minute for at least one minute before isoflurane administration was slowly begun with 0.5% increments every 15 seconds until a 3.5% vaporizer setting was reached. This vaporizer setting was then maintained until the jaw was relaxed enough to allow intubation. Placement of the endotracheal tube (silicone tube, internal diameter 7.5 mm) was done with the goats in sternal recumbency using a laryngoscope to facilitate the process. If intubation was not successful due to poor relaxation of the jaws, isoflurane delivery by facemask was continued before attempting again. The cuff of the endotracheal tube was inflated to prevent leakage of gases from the breathing circuit to a pressure of 20 cmH 2 0.
Immediately after intubation, the goats were placed in left lateral recumbency with fresh oxygen flow set at 2 L/minute and initial end-tidal isoflurane concentration targeted to be 1.6%.
Intermittent positive pressure ventilation (Ohmeda 7000 Ventilator, Ohmeda) was used to maintain end-tidal carbon dioxide between 35-45 mmHg throughout the procedure. Ringer Lactate solution (Intramed Ringer-Lactate Fresenius, Bodene Pty Ltd, trading as Intramed) was administered by a pump (Infusomat, BBraun, Melsungen, Germany) at a rate of 4 mL/kg/hr intravenously.
Instrumentation for recording of physiological parameters was set up using a multi-parameter monitor (Cardiocap/5, Datex-Ohmeda Corporation). Three electrocardiography (ECG) electrodes were placed on shaven areas (on the middle of the left shoulder, on the midline 2 cm in front of the point of the sternum and on the midline 2 cm cranial to the tip of the xiphoid) to provide a lead II ECG tracing.
Haemoglobin oxygen saturation (SpO 2 ) was measured using a pulse-oximetry infrared probe placed around the tongue. Inspired and expired concentrations of isoflurane, carbon dioxide and oxygen were by side-stream spirometry, with side-stream gas sampler placed between the endotracheal tube and the Y-piece of the breathing system. The gas analyzer had been calibrated with calibration gas as recommended by the manufacturer within recently and would automatically self-calibrate to atmospheric air at the beginning of the experiment. Temperature was measured by an oesophageal probe placed as close to the base of the heart as possible. The targeted oesophageal temperature range was 37.5 and 39.5ºC. The targeted temperature was achieved using a forced warmed air blanket a n d o r d i n a r y b l a n k e t s p l a c e d a r o u n d t h e g o a t s . T h e p h y s i o l o g i c a l p a r a m e t e r s w e r e m e a s u r e d continuously during the anaesthetic period, but recorded every 15 minutes.
Determination of the baseline isoflurane (control) MAC began 15 minutes after end-tidal isoflurane concentration had been held constant at 1.6%. Isoflurane MAC determination involved application of a noxious stimulus with a Vulsellum forceps clamped to the second ratchet to the claw about 1 cm below the coronary band for 60 seconds or until occurrence of purposeful movement (Fig   1) . Purposeful movement was strictly defined as gross movement of the head or limbs, including m o v e m e n t o f t h e l i m b t o w h i c h t h e V u l s e l l u m f o r c e p s w a s b e i n g a p p l i e d . E n d -t i d a l i s o f l u r a n e concentration was then adjusted according to response to noxious stimulation. If no movement occurred, the end-tidal isoflurane concentration was reduced by 1/10 th and held constant for at least 15 minutes before application of a noxious stimulus again. If movement was noticed, the end-tidal isoflurane concentration was increased by 1/10 th and held constant for at least 15 minutes before application of a noxious stimulus again. The four claws on the two uppermost limbs were clamped consecutively in a clockwise fashion. Isoflurane MAC was calculated as the average of two successive concentrations: the end-tidal isoflurane concentration at which movement in response to noxious stimulation occurred and the preceeding end-tidal isoflurane concentration at which movement did not occur. The isoflurane MAC was determined in duplicate and the mean of the two MACs was taken as baseline isoflurane MAC for each goat.
Following baseline MAC determination, the goats then received, in a randomized crossover pattern, one of three IV fentanyl treatments (Fentany-Fresenius 10mg/mL, Bodene Pty Ltd, trading as Intramed) administered as a bolus dose manually over a 1 minute period; at 0.005 mg/kg, 0.015 mg/kg, or 0.030 mg/kg; followed by a maintenance dose of 0.005 mg/kg/hour, 0.015 mg/kg/hour, or 0.030 mg/kg/hour as Treatment LFENT, Treatment MFENT and Treatment HFENT, respectively.
Fentanyl for maintenance of general anaesthesia was prepared up to 60 mL in normal saline and was administered by CRI from a 60 mL syringe controlled by a syringe-driving pump (Perfusor Compact, BBraun). The fentanyl syringe was connected to the right cephalic vein catheter, to which the Ringer Lactate administration line was also connected, by an extension set via a three-way connection port.
The fentanyl loading dose was administered over a period of 1 minute and administration of the maintenance dose started immediately afterwards. The accuracy of delivery of fentanyl by the pump was checked at the end of the experiment by calculating the expected infused amount based on infusion rates and comparing this to actual volume infused from the syringe.
Fentanyl-treatment isoflurane MAC was then determined by applying a noxious stimulus with a Vulsellum forceps after every 15 minutes of end-tidal isoflurane concentration equilibration, and depending on the goat's response, adjusting the end-tidal isoflurane concentration in the same manner as described above.
Since baseline isoflurane MAC was determined each time before a goat underwent one of the three fentanyl treatments, the final baseline isoflurane MAC for each goat was calculated as the average of the three baseline MAC values obtained. None of the sets of 3 baseline MACs used to calculate the average baseline MAC had a difference of more than 0.1% between each other.
After determination of fentanyl-treatment isoflurane MAC, administration of fentanyl and isoflurane was discontinued simultaneously and the quality of recovery from anaesthesia of the goats observed. The endotracheal tube was removed once the goats regained the swallowing reflex.
Time to extubation, sternal position and standing were recorded. All times were determined as the interval between the time of discontinuation of fentanyl and isoflurane administration and the time a particular event happened.
Quality of recovery from anaesthesia was scored on a 0 -2 scale where: 0 = restlessness, 1 = relatively smooth, with some restlessness, 2 = smooth.
Statistical analysis
Data were analysed using the R Statistical Software, Version 2.7.2 (The R Foundation for Statistical
Computing). All data were assumed to be non-parametric because of the small sample size and are expressed as median and inter-quartile ranges.
Data on isoflurane MAC, isoflurane MAC reduction after fentanyl treatment, isoflurane MAC determination time, time to extubation, time to sternal position, time to standing and recovery scores were tested for statistically significant differences between treatments using the Friedman test. If statistically significant differences were found between treatments, post-hoc analysis (pair-wise
Wilcoxon test with a Bonferroni adjustment for multiple testing) was conducted.
Medians of repeatedly measured variables (heart rate, mean arterial blood pressure, SpO 2 and body temperature) were tested for statistically significant differences between and within groups using repeated measures analysis of variance (ANOVA) by ranks. If statistically significant differences were found, a post-hoc analysis (pair-wise Wilcoxon test with a Bonferroni adjustment for multiple testing) was conducted. A value of P < 0.05 was considered significant.
Results
Mask induction of anaesthesia using isoflurane was satisfactorily achieved in about 10 minutes with minimal struggling of the goats throughout the induction period. Data on observed isoflurane MACs, changes in isoflurane MAC after treatment with fentanyl and the time it took to determine isoflurane MAC are summarized in Table 1 . The observed median baseline MAC of isoflurane in goats of 1.32
(1.29-1.36)% volume was statistically significantly higher than the median MACs obtained after intravenous administration of each of the fentanyl treatments (P =0.013 all round). The median isoflurane MAC following LFENT treatment was statistically significantly higher than those observed following MFENT treatment (P = 0.013) and HFENT treatment (P = 0.013). The differences in MAC percent reductions were all statistically significantly different from each other. The magnitude of MAC reduction following fentanyl administration was dose-related. The time it took to determine baseline isoflurane MAC was 67.5 minutes. The median time taken to determine isoflurane MAC for HFENT treatment and MFENT treatment was significantly longer than the time it took to determine baseline isoflurane MAC (P = 0.027 for both) and the time it took to determine isoflurane MAC following LFENT treatment (P = 0.024 and 0.047 respectively).
The data obtained for cardiovascular system and respiratory system variables did not show many statistically significant differences between groups or between the baseline reading and any subsequent points within a group. The only differences observed were on heart rate and mean arterial blood pressure which were statistically significantly lower (P = 0.042 and 0.0004 respectively) at 2 minutes following HFENT bolus administration when compared to baseline reading (Table 2) . At all time points, mean arterial blood pressure was above 60 mmHg and SpO 2 above 90%. The end-tidal carbon dioxide concentration was successfully maintained within the normal range of 35-45 mmHg by adjusting respiratory rate and intrathoracic pressure settings on the mechanical ventilator. The body temperature of the goats was maintained between 37.5-39.3ºC.
The quality of recovery from anaesthesia was good for all the three treatment groups. The variables used to assess quality of recovery from anaesthesia did not show any statistically significant differences between treatments, except the time taken for the goats to stand, which showed significant differences between treatments (P = 0.04), but did not show any two specific groups to be different when pair-wise comparisons were performed (Table 3) . Although the recovery from anaesthesia was smooth following all three fentanyl treatments, it was noticed that 4 out of 6 times, the goats indiscriminately showed exaggerated intermittent tail-waging at recovery following MFENT and HFENT treatment.
Discussion
The median baseline isoflurane MAC in goats of 1.32 (1.29-1.36)% observed in the present study lies with the range reported by previous studies. Antognini and Eisele (1993) reported isoflurane MAC in goats as 1.5%, while other research teams reported isoflurane MACs in goats ranging from 1.23% to . In the present study, heart rate decreased in a dose-dependent manner after the beginning of fentanyl administration, but even the lowest heart rates observed were within physiological limits. A more detailed assessment of the effects of isoflurane-fentanyl anaesthesia on cardiopulmonary function in goats is required as a follow-up to the present study. It must be taken into consideration that the goats in the present study were all mechanically ventilated so as to standardize the effects of ventilation on isoflurane uptake. Mechanical ventilation also allowed maintenance of eucapnoea, which is vital because abnormal carbon dioxide levels can affect MAC (Quasha and others 1980).
The oesophageal temperature decreased gradually over the anaesthetic period during all three treatments, but stayed within physiologically acceptable limits, with the lowest median oesophageal temperature of 37.7ºC observed in the group that received the lowest dose of fentanyl. This shows that heat conservation methods employed (covering with ordinary blankets and warming with a warmair heating blanket) were successful in preventing excessive heat loss. The normal physiological body temperature range for goats is 37.2-39.7ºC (Ayo and others 1998). Hypothermia is known to cause a reduction in MAC (Quasha and others 1980, Satas and others 1996) ; consequently the small decreases in body temperature observed in the present study could still have affected isoflurane MAC. However, this decrease in body temperature was consistent across the three groups.
The period of recovery from anaesthesia was short following all three treatments, with all goats attaining sternal recumbency within 4 minutes and standing within 10 minutes of termination of general anaesthesia. In goats, fentanyl has an extremely short duration of action due to the rapid elimination rate and clearance coupled with a large apparent volume of distribution at steady state (Car rol l a nd ot he r s 1999) . Exag g e rat e d t ail -wa g g ing was ob se rve d i n t he major it y o f g oat s t hat received higher doses of fentanyl, but the general behaviour of the goats was acceptable at all times during recovery. Carroll and others (1999) also reported a different form of abnormal behaviour in the form of increased vocalisation and activity during the first hour after IV administration of a single bolus of fentanyl in conscious goats. We did not observe this type of abnormal behaviour may be because the goats in our study were unconscious during the first hour of fentanyl administration.
In conclusion, fentanyl reduced isoflurane MAC in a dose-dependent manner with minimal adverse effects on cardiovascular function in goats. The results indicate that, fentanyl administered intravenously as a CRI following a bolus dose, may be a useful analgesic adjunct to general anesthesia in goats. 
